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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-182

INVESTIGATION OF IGNITION TEMPERATURES OF SOLID METALS

By W. C. Reynolds
SUMMARY

The ignition temperature of a solid metal is related through a
thermal definition of ignition to the rate of oxidation and to the radia-
tion and convection heat-transfer parameters. The mechanisms of oxida-
tion are reviewed and the factors which influence ignition temperatures
are discussed. Reasonable agreement between theoretical and experimental
ignition temperatures is demonstrated. Experimental ignition tempera-
tures for several metals are presented.

~ INTRODUCTION

For many years the maximum safe operating temperatures for metals
have been determined from strength considerations. However, some metals
have been known to ignite and burn at what would normally be structurally
safe temperatures. It seems, then, that failure by ignition and burning
may, in some cases, precede fallure by structural weakening with tempera-
ture and that the possibility of ignition must be considered in the
design of high-temperature metal apparatus.

The advent of high-speed flight has brought about increased interest
in the problem of metal ignition. At flight speeds typical of modern
alrcraft and missiles, aerodynamic heating causes extremely high skin
temperatures. The danger of ignition 1s increased in regions behind
shock waves where temperatures and pressures are exceptionally high.
Other fields where metal ignition is of interest include the design of
gas turbines, high-temperature furnaces, gas-cooled nuclear reactors,
and rocket motors. -

Obviously there are many factors which enter into the problem of
ignition and burning. The mechanisms involved are entirely different,
and the distinction between ignition and burning must be kept clear.
Ignition is brought about by the exothermal oxidation reaction between
the solid metal and its gaseous environmment. Consequently, it is
believed that the phenomenon of ignition is quite closely related to
the relatively slow oxidation that occurs on all metals at low tempera-
tures ("rusting"). Burning, on the other hand, may proceed by any of



several mechanisms. It may be a surface reaction, that is, a further
extension of the rusting process; the burning of many metals, notably
magnesium, is a vapor-phase reactlion and occurs at some distance from
the surface. It is conceivable that a body could ignite but not burn,
the ignition (rise in temperature) leading simply to melting. This
investigation is concerned primarily with the problem of ignition. How-
ever, it is impossible to divorce completely ignition from burning, and
SO some attention has been given to the latter phenomenon also.

Very little information regarding the ignition of metals is avail-
able. However, a great deal of information is known about the oxidation
of metals. It 1s not unreasonable to expect that the heat generated in
the oxldation reaction prior to ignition could be calculated from oxida-
tion data extrapolated to temperatures near ignition. Under this assump-
tion an ignition temperature may be defined and calculated. TFor metals
where the extrapolation is not made over too large a temperature differ-
ence, reasonable agreement between calculated and experimental ignition
temperatures can be obtained. The effect of varying the environmental
conditions can then be studied. A great deal is known about the mechan-
isms of oxldation, and thus a study of these mechanisms gives considerable
insight into the ignition problem.

The primary objective of this investigation is to study the effects
of important environmental parameters on the ignition temperatures of
solld metals. Considerable effort has been devoted to the study of the
mechanisms of oxidation and to the relation of these phenomena to igni-
tion. Thus, the investigation is primarily one of a theoretical nature,
but a certain amount of data has been gathered to confirm and supple-
ment the knowledge of the ignition mechanisms. Since one of the most
important applications of this research is in the high-speed flight
problem, special attention has been given to metals of interest in alr-
craft construction. It is difficult to produce flight conditions of
this nature in the laboratory, and therefore attention has been given
to the manner in which flight conditions (flow velocity, gas pressure
and temperature, heat transfer, etc.) influence the oxidation rate and
the ignition temperatures.

The present investigation was carried out at Stanford University

under the sponsorship and with the financial assistance of the National
Advisory Commlittee for Aeronautics.

SYMBOLS

A action constant, g/cmP-sec or g2/cmt-sec; area, cm? or f£t2;
constant, dimensional as defined where used

a constant
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constant, dimensional as defined where used

constant, dimensional as defined where used; thermal
capacitance, cal/®K or Btu/°F

number of activated adsorption sites, 1/cm®

diffusion coefficilent, cmg/sec; diameter, cm, ft, or in.

activation energy, cal/mole; constant, dimensional as
defined where used

Faradsy's constant, 96,500 coulombs/(g equivalent)
Faraday's constant, 23,066 cal/volt

dimensionless factor, defined where used

dimensionless factor, defined where used

heat-transfer coefficient, cal/secmcmg—oclor Btu/hr—fte—OF
Planck's constant, 6.624 x 10-27-erg sec

rate constant, g/(cm?-sec) or gg/(cm%—sec)

~electrical conductivity of a single mode, 1/ohm-cm

Mach number
mass of molecule or atom, g
factor, defined where used

Reynolds number

Avogadro's number, 6.023 x 103 per mole

constant; molecular concentration per unit volume,
molecules/cmd

pressure, dynes/cm®, atm, or 1b/ft2
heat of reaction per gram of oxygen, cal/g
2

heat-transfer rate per unit area, cal/sec-cm® or Btu/hr—ft2

universal gas constant, 1.986 cal/mole



ratio of volume of oxide to volume of metal
absolute temperature, 9K or °R

volume, cmd

velocity of molecular reaction, molchles/sec
molecular weight

welght of oxygen reacted with metal, g

coordinate, cm

atomic weight of oxide, g/mole

factor, defined where used

rate of molecular diffusion per unit area, molecules/cm?-sec
ratio of mass of oxide to mass of oxygen forming it

thickness of oxide fllm, cm; thlckness of boundary layer,
cm or in.

emissivity

time, sec

Boltzmann's constant, 1.380 x 10-16 erg/°K
free molecular path, cm

mean free molecular path, cm

coordinate, cm
density, g/cm’ or 1b/ft

Stefan-Boltzmann constant, 13. 77 x 1072 cal/cm2-sec- ogh

or 17.13 x 10712 Btu/hr-ft2- OR¥; ; molecular or atomic
diameter, cm

transference numbers for electrical conductivity

pyrophoricity

; R A
linear pyrophoricity, ___<%i)



Subscripts:

o}

ig

iso

. AQ
parabolic pyrophoricity, _____g_____tﬁj

8oedpoyige? \Bp

term characterizing convection heat transfer

=

l

linear heat transfer, Khd =
1

2hﬁpoxide7 ?g

parabolic heat transfer,
APQ' R

ignition temperature

linear ignition temperature, RTig/Ez

parabolic ignition temperature, RT; o[ Ep

refers to ambient (T, denotes recovery temperature), or
denotes heating independent of temperature

refers to oxygen in the gaseous environment, or defined where

used

refers to inert gases in the environment, or defined where used

refers to oxide vapor

refers to amblent or environment
refers to anion

refers to cation

refers £o electron

used to denote ignition temperature
isothermal

refers to linear oxidation



m refers to metal

ox refers to oxidation

oxide refers to oxlde

P refers to parabolic oxidation

s used to denote surface temperature
sat saturated

RELATION BETWEEN IGNTITION TEMPERATURE AND OXIDATION RATE

Thermal Definition of Ignition

Before any sensible approach to the problem of solid-body ignition
can be made, the ignition temperature must be defined. Generally, igni-
tion is said to occur when the body temperature rises spontaneously and
a self-propagating reaction occurs at some elevated temperature. Evi-
dently, thermal stability is involved, and the definition of ignition
must be obtained through energy considerations. An energy balance on an
object of arbitrary shape results in a complex partial-differential equa-
tion, the solution of which describes the temperature-time history of every
point in the object. Ignition will occur when, at some point in the
object, the temperature starts to rise rapidly, that is, when the heating
-effect of the exothernal oxidation reaction overcomes the conduction, con-
vection, and radiation cooling. A general definition of ignition, even
in the case of simple shapes, involves the solution of the highly non-
linear energy equation and is impractical. If the conduction terms in
the energy equation are momentarily overlooked, an analysis can be made,
and the ignition temperature can be expressed mathematically. Such an
analysis then allows an examination of how the ignition temperature
depends on envirommental conditions. The trends thus indicated should
be similar to those applying to more complex systems. Such a simple
analysis is therefore of great value, but the assumptions involved must
be remembered.

The thermal definition of ignition introduced here is based on an
energy balance on an oxidizing isothermal body of arbitrary shape, cooled
by convection and radiation. If it is assumed that the heat generated in
the reaction may be treated as a heat addition at the surface and that
the oxidation, convection, and radiation heat-transfer rates are uniform
over the surface, an energy balance on the isothermal body gives



ar _ 4" - m(T - TO) - oe(T” - Ti) + q_ = #(m) (1)

where qg is any heat input independent of the body temperature. Note

that the rate of change of the body temperature is a function of the tem-
perature and several environmental parameters assumed to be constants.
Note that the same equation would apply if the convection and radiation
heat-transfer terms were treated as heating rather than cooling terms.

The temperature-time history of the body can be found by integration
of equation (1). If the temperature tends to increase in time and the
env1ronmental parameters are constant, the body will eventually reach a

"steady-state" condition under which the heat input due to oxidation

(and perhaps electrical energy) is balanced by the convective and radia-
tion cooling. For most metals, as the temperature increases, the reac-
tion rate increases nearly exponentlally and, therefore, dox is usually
a rather rapidly increasing function of temperature. This tends to be
offset by the increase in the convective and radiation cooling with
increasing temperature. Under normal conditions the temperature will
rise at a decreasing rate to the point at which the heat inputs are
exactly balanced by the cooling, and the body will remain at this steady-
state temperature indefinitely. However, if the temperature reaches a
point at which further increase in temperature will result in an increase
in the oxidation heat input larger than the increase in cooling, the body
temperature will then continue to rise at an increasing rate and no steady-
state condition will be reached. It appears, then, that there is a maxi-
mum steady-state temperature at which the body can exist indefinitely.
This temperature is seen to be a function of the envirommental conditions.
If, in the course of a thermal transient, the temperature should exceed
this limit, then the temperature would continue to rise until melting or
full-scale combustion phenomena occurred. This maximum stable steady-
state temperature will henceforth be called the ignition temperature.
Note that ignition as defined here is not necessarily followed by burning;
melting produced by the temperature rise due to oxidation could alter the
oxidation characteristics sufficiently to prevent further temperature
rise to the point of vaporization and actual combustion.

On the basis of the foregoing arguments, the ignition temperature
1s seen to be equivalent to the temperature at which the body temperature
begins to increase at an increasing rate. This may be expressed mathe-
matically as the temperature at which d4T/d6 is a minimum, as seen in
the following sketch:



Ignition point
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The ignition temperature can be found as a function of the envirommental
and oxidation parameters by requiring that the derivative of equation (l)
with respect to temperature vanish. The resulting defining equation for
the ignition temperature is

d " 3
[ﬁ (qox)] T=Tig -h - MceTig =0 (2)

It should be noted that, for ignition to occur, dT/de must be positive
at the ignition temperature, and the dependence of the oxidation rate on
temperature must be positive and stronger than that of the dominating
cooling term. It is extremely interesting that, unless the oxidation rate
depends on ambient temperature, the ignition temperature is independent

of ambient temperature.

Oxidation~Rate Equations
In general, the oxidation behavior of technically important metals
can be classified as either linear or parabolic and correlated by equa-

tions of the form

v = Aje o = K. (3)
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for linear oxidation and
we = Ae 6 = K0 (&)

for parabolic oxidation. In these empirical fits to observed data, w
is the weight of oxygen per unit of surface area that has reacted with
the metal in time ©; K 1s referred to as the rate constant; E is
referred to as the activation energy; and A is referred to as the
action constant. The constants A and E, in general, depend on envi-
rommental conditions and may even be functions of the metal temperature.
The constants are obtained from experimental data by plotting the loga-
rithm of K against l/T; E is first determined from the slope of a line
through the data points, and then A 1is easily calculated. Since the
exponent E/RT is usually relatively high (10 to 80), any small error
in E due to fitting a straight line through experimental points causes
a large error in A. Even the most careful experimenters in the field
of metal oxidation estimate the uncertainty in their activation energies
as +5,000 calories in about 40,000 calories, and thus the uncertainty
in A may be an order of magnitude. This high uncertainty in the
oxidation constants limits any quantitative attempt to predict ignition
temperatures from experimental oxidation data. Nevertheless, by studying
the manner in which these constants depend on environmental conditions,
a great deal can be learned about how ignition temperatures depend on
environment. Experimental values of A and E for a number of metals
are given in table 1. These data are taken largely from reference 2.

The rate of heat generation per unit area is obtalned by differ-
entiating equations (3) or (4) with respect to time and multiplying by
the heat of reaction per gram of oxygen. This yields

-E,/RT
"x = QAZe Z/ (5)
for linear oxidation and
Q= 2 Ep/RT (6)
2DPox1de”

for parabolic oxidation.

The introduction of equation (5) into equation (2) allows expression
of the ignition temperature for linearly oxldizing metals in the following
explicit form:

-l/T* T*)5 % /x\2
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where

*

T} = T3 R/E,
A9 /g \H

T]Z=—_.__
406<EZ>

*  h E

eI T

Similarly, upon substitution of equation (6) into equation (2)
there results the following expression for the ignition temperature of
parabolically oxidizing metals:

-1 /T* 2
T < (u/ng)(TE) + nn(et) (8)
where
*
T, = TigR/Ep
N = ApQ /.13_>4
P 80680oxidey\EP

x _ 2iBpoxige” Ep
1Y APQ R

Since equations (7) and (8) are of the same form, a single set of
curves may be used to represent the solution of both. Figure 1 shows
the dimensionless ignition temperature ¥ plotted against v with h
as a parameter. Hereafter 1 will be referred to as the pyrophoricity;
note that materials having high pyrophoricities will have relatively low
lgnition temperatures. ©Note also that the effect of an increase in the
rate of convective heat transfer, either heating or cooling, will tend
to give higher ignition temperatures. This result is quite surprising
and as yet has not been supported or repudiated by experimental data.

Tt must be remembered that the oxidation-rate constants A and E may
depend on environmental conditions, in which case the ignition tempera-
ture is said to depend indirectly on environment. ‘
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MECHANISMS OF METAI, OXIDATION

In order to investigate the manner in which the ignition tempera-
ture depends on environmental conditions, it is necessary to understand
the mechanisms of the oxidation reactlon It is well known that the
oxidation reaction proceeds by a series of steps, the slowest of which
controls the overall rate of reaction. By comparison of the relative
rates of occurrence of these steps it appears that only three of these
may be slow enough to be rate controlling: namely, (1) the rate of
transport of oxygen to the reacting surface, (2) the rate of adsorption
of oxygen molecules at the surface, and (5) the rate of diffusion of
ions in the oxide. Analysis indicates that, if the oxygen transport
rate controls the reaction, the surface will become oxygen starved, and
the body will not ignite. Such a situation might occur on an aircraft
flying at extremely high altitudes or on a body sitting in very still
air. The oxidation of some metals, notably magnesium and magnesium
alloys, is believed to be controlled by the rate of oxygen adsorption.

- The rate of adsorption is not influenced by ambient pressure, except
~at extremely low pressures; at low pressures the oxidation rate is

decreased, resulting in an increase in the ignition temperature. 1In

-continuum flows the adsorption rate is practically independent of the

ambient temperature, but in noncontinuum flows the adsorption rate may

“be very strongly influenced by the gas temperature, being accelerated

when the amblent temperature exceeds the body temperature. At low tem-
peratures the oxidation of most metals 1s controlled by the rate of
diffusion of ions in the oxide lattice. Generally, the oxidation rate
1s independent of ambient temperature and only mildly dependent on the -
ambient pressure but 1t may either increase or decrease with increased
pressure, depending on the particular mechanism of ion diffusion
involved. The rate of ion diffusion varies inversely as the thickness
of the oxide scale. Thus 1t is possible that the removal of the bulk
of the oxide scale by the drag of airflow over the surface may sub-
stantially increase the oxidation rate and thus lower the ignition
temperature.

The mechanisms which govern the oxidation of a given metal will
depend on the environment; for example, the rate of oxygen transport
will certainly control the oxidation of the skin of a missile flying
at 500,000 feet, whereas the sea-level oxidation rate will be controlled
by either adsorption or ion diffusion, depending on the relative rates
of these two processes.

The mechanisms of oxidation, the rates of oxidation, and the influ-
ence of envirommental conditions of each are summarized in table 2.
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Steps in Oxidation Reaction

For the purposes of this discussion, a simple model of a pure metal
Me having valence 2x+ and forming a single oxide MeOy, 1is used.

This model is shown as follows (the various steps in the reaction are
numbered) :

Gas Metal
] R N r_
» ’ \ .
7~
o 0. [
(

)

. ‘0 ° x&. - AN

o o 24 \

¢ o(:)‘ /// ‘
I . °. yd -

o -

o.. . / _ ~
. )\ \
. ° o

e /\ N
'Y s ©

The black dots represent oxygen molecules, and the small circles repre-
sent molecules of inert gas present in the gaseous enviromment. The
2xe” indicates the number of electrons transferred in the ionization
of stoichiometric amounts of metal and oxygen.

The steps which occur in the oxidation reaction are numbered and
are as follows:

(1) Oxygen molecules are transported to the gas-oxide interface by
forced or natural diffusion through the inert gas molecules.

(2)70xygen molecules whose energy exceeds a certain level are
adsorbed by the surface of the oxide.
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(3) Metal atoms ionize at the metal-oxide interface.

(4) The electrons given up by the metal atoms diffuse through the
oxide lattice to the gas-oxide interface.

(5) The oxygen molecules dissoclate, and oxygen atoms are ionized
by the electrons.

(6) The oxygen and metal ions diffuse in the oxide lattice, meeting
and falling into place in the crystal structure.

Each of these steps will be discussed in detail subsequently. It
must be remembered that this is an extremely simple model for analysis
and many complicating factors may enter. For example, if the oxide is
porous, the gas may attack the metal directly in places and thus two
parallel paths for the oxidation may exist; the formation of blisters
may inhibit the reaction; several oxides may be formed; and impurities
or alloying elements may influence the oxidation. These complicating
factors are discussed rather thoroughly in reference 2.

Of particular interest in the study of oxidation mechanisms 1s the
ratio of the volume of the oxide to the volume of the base metal from

which it is formed,- Voxide/Vm = r., It would seem that for r < 1 the

oxide could not completely cover the metal surface, and a porous oxide
surface would be formed. On the other hand, if r 1is greater than
unity the oxide would tend to be pushed away from the surface, possibly
allowing the formation of blisters. It would be expected that the porous
oxide would be the less protective of the two types and that differences
in the rate-controlling mechanisms may exist. Simplified models for the
two types of oxide are shown below. Note that the porous oxide is shown
to have a thin layer covering the entire metal surface.

d o
N ’

Gas Metal
/ ~

Nonporus

(r > 1)
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It has been observed that metals which oxidize in the parabolic
manner generally form nonporous oxides, that is, r > 1. Moreover,
metals that oxidize in the linear manner form porous oxides, r < l.

The reasons for this difference are not well understood. It is generally
believed that diffusion through the oxide film governs. the parabolic type
of reactions, but there is considerable difference of opinion as to the
rate-controlling step in linear oxidation. Two viewpoints that appear
plausible are (1) that the rate of oxygen adsorption is the slowest step,
since the film is so thin, and (2) that diffusion through a constant-
thickness thin film at the roots of the pores controls the reaction.

Transport of Oxygen to Gas-Oxide Interface

As oxygen molecules are adsorbed by the oxide close to the gas-
oxide interface, new molecules must be brought close to the oxide if
the reaction is to be continuous. If a thermal boundary layer is formed “
over the surface, the temperature variation within several hundred mean
free paths from the surface is essentially zero. Since nearly all the
oxygen molecules which come In contact with the surface come from a
region within a very few mean free paths of the surface, the gas which
is transported to the surface may be considered as being at the surface
temperature, regardless of the ambient temperature.

If the environment consists of pure oxygen, the rate of molecular
interaction with the surface is given by kinetic theory (ref. 3) as

dw _ 1l .
ae =~ F VEn(R/Wl)T )

where p 1s the oxygen pressure, W, 1s the molecular weight of oxygen,

and T 1s the surface temperature. By inserting numerical values, it
may be shown that the rate of interaction of oxygen dw/de is many
orders of magnitude larger than observed weight gains for oxidation of
metals. Moreover, the rate of interaction decreases with temperature;
this temperature effect is opposite to that exhibited by metals and

does not lead to an ignition condition. On the basis of these arguments
it is concluded that oxygen transport does not control the rate of oxida-
tion of metals if the environment is pure oxygen and the pressure is not
too low.

If the enviromment contains nonreacting gases such as does air,
then, as oxygen molecules are adsorbed at the surface, other oxygen
molecules must diffuse through the inert gases to replace them. If the -
molecules are not replaced faster than they are adsorbed, the surface
will become starved of oxygen, and the rate of diffusion of oxygen
molecules through the inert gas to the surface would control the rate
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of oxidation. The rate of oxygen-molecule diffusion through the inert
gas is given by (see ref. 3)

dn
n L

M = =D —= 10
170 " & (10)
where n; 1s the oxygen concentration and n, 1is the inert gas con-
centration in molecules per unit volume (n =ny + ng), D 1is the dif-

fusion coefficient, and x 1is measured from the surface. The diffusion
constant D may be calculated from kinetic theory (ref. 3) as

/ 1l/2
3 (Wt ¥ /
EVEn(cl + 02)2n \ Wy Wo

D = (11)

where W and o “represent the molecular weight and diffusion cross
section of the respective constituents. From the perfect-gas equation
of state,

P = nkT (12)

From consideration of the above relationships the rate of oxygen mass
diffusion may be written as

2
10 Ipy2Wr (o) + 0,)2 \ WiW2 dx

where i} and Po are the partial pressures of the oxygen and the

inert gas, respectively, in the enviromment. For a first approximation,
it may be assumed that the variation in the partial pressure of oxygen
occurs in a finite region near the surface, varying from Pl in the

)

environment to zero at the surface. For steady diffusion -dw/d6 is
constant, and thus the partial pressure varies linearly from the surface
as shown by the following sketch:

Pilw

l
l
o

ANNNVNN NN NNISKYN




16

For this first approximation

dp p
1P (1)
dx o]

8 1is essentially proportional to the boundary-layer thickness, or
inversely proportional to NRe for a laminar layer. (If natural con-

vection exists, ® will vary as the fourth root of the Grashof number. )
The diffusion cross sections 07 and 0o are essentially constant.

Thus, approximately,

aw
¥ - Constant —z-\/— T \[Nge (15)

This relationship shows the behavior of the rate of oxygen transport to
the surface in a mixed-gas enviromment. It is seen that as the oxygen
concentration becomes very small relative to the concentration of the
inert gases, the rate of transport becomes very small and could con-
celvably be the oxidation-rate-controlling process. However, the oxida-
tion reaction could not lead to ignition because of the very mild depend-
ence on temperature. It therefore appears that if ignition does oceur,
the rate of oxygen transport is not the rate-controlling step.

The possibility that metals can be oxygen starved can be investi-
gated by order-of-magnitude calculations. As an example, the rates of
transport in air can be compared with measured oxidation rates for iron.
The comparison indicates that transport does not control the reaction
rate at low temperatures but may be controlling at high temperatures.
For the purposes of these calculations it will be assumed that the
thickness of the starved layer is 0.l centimeter and that the partial
pressure of the oxygen in the enviromment is 0.2 atmosphere. The dif-
fusion coefficient for oxygen in air at 32° F is given in reference 4

as 0.178 cmz/sec Equation (11) indicates that the diffusion coeffi-
cient varies as the 3/2 power of the absolute temperature; thus,

at 932° F, D = 0.278 cn®/sec, and at 2,192° F, D = 2.23 cm?/sec. The
partial oxygen densities at these temperatures are 1.10 and

0.528 x 10~ -b g/cm5, respectively. Thus, the transport rates are

dw dp 1.10 x 10-% -
— =D ==0.278 —=—— 2~ ___ _ 3.1 % 10 cm~-sec
ae ax T 0.1 > e/

at 932° F and

AV ~ 5 5 0.528 x 1074

-4 2
. = 1.2 10 cm--sec
ae 0.1 X g/
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at 2,192° F. Using the oxidation-rate constants of table 1 and assuming
an oxide film thickness of 0.0l centimeter, the rate of oxidation of
iron may be calculated as

I

W _ 6.6 x lO"Tg/cma-sec

at 932° F and as

|
I

gg = 1.6 x lo‘hg/cmg-sec

at 2,192° F. It is seen that the transport rate at 932° F is several
orders of magnitude larger than the observed oxidation rates, but at
2,1920 F the transport rate may indeed be rate controlling. It seems,
that transport of this type may be rate controlling at high temperatures,
and thus a metal surface might become oxygen starved in air. Flow
velocity would then be an extremely important parameter in the oxidation
and ignition phenomena.

In the foregoing discussions it was assumed that the vapor pressures
of the metals and their oxides are negligible at temperatures below
ignition. This is generally true for most metals. However, certain
metals and oxides, notably magnesium, molybdenum trioxide, and tungsten
dioxide, have extremely high vapor pressures. The dependency of vapor
pressure on temperature can usually be represented by empirical equa-
tions of the form

ps = BeC/T (16)

Consider first the case where the vapor pressure of the oxide is
high and the environment contains only oxygen. For the purpose of this
discussion it will be assumed that, since the oxide vapor is continually
being carried away by the boundary layer over the surface, the concen-
tration of the vapor varies from saturation at the surface to zero at
some finite distance from the surface. This distance might correspond
to the thickness of the boundary layer over the surface. Oxygen must
diffuse through the oxide vapor to reach the surface, and thus the
oxygen concentration may be assumed to vary from zero at the surface
to its free-stream value. Under these relatively simple assumptions
the oxide and oxygen concentrations would appear as shown in the fol-
lowing sketch:
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Under the assumptions of simple kinetic theory (ref. 3) the rate of
mass diffusion may be written as '

i 1/2
dw _ | Om (Wl * ¥ RT) " an (17)
ae 2V§ﬂ(cl + °3)2Pw dx

Since the rate of diffusion is constant, the partial pressure of the
oxygen is a linear function of x. Then assuming that the partial pres-
sure of the vapor 1s zero at x =& and is saturated at x = 0,

dpy  P3,sat
dx =~ B

(18)

8 will be a function of the external flow field, and if a laminar
boundary layer exists, & will vary approximately inversely as the
square root of the free-stream Reynolds number; if free convection per-
sists, © will vary essentially inversely as the fourth root of the
Grashof number and thus will be a function of the difference between
the temperatures of the surface and the environment. Thus,

dw _ Conmstant VNRe(e’C/T)'VE
Peo

(19)

dae

This equation shows the general behavior of the oxidation of metals

where the rate of oxidation is controlled by the rate of diffusion of
oxygen through oxide vapor. It is seen that oxidation of this nature
could lead to ignition and that the rate of oxidation could be markedly
increased by subjecting the body to a high-velocity oxygen flow. Should
the flow velocity become too great, the control of the oxidation reaction
might revert to one of the slower steps in the process. On the other
hand, if the body were placed in a quiescent environment at approximately
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the surface temperature, the rate of oxidation would become extremely
small, and the ignition temperature would be raised considerably.

The case of oxidation controlled by the diffusion of oxygen through
a metal vapor film cannot be handled simply. In general, metals of
technical importance do not have high vapor pressures, and thus their
oxidation rates are not controlled by such a process.

The rate of oxygen transport has been compared with observed oxida-
tion rates at various speeds and altitudes. For this comparison the
transport rates were calculated from equation (9) using the partial
pressure of oxygen behind a normal shock wave and the stagnation tem-
perature; thus the transport rates are higher than if diffusion through
inert gases was considered. The results of these calculations are
shown in figure 2. The stagnation temperatures are shown also, and
typical metal oxidation rates (for titanium) are added for comparison
purposes. Note that at low altitudes the transport rates are several
orders of magnitude larger than oxidation rates, and thus transport of
this type is definitely not rate controlling under such conditions. At
higher altitudes, however, the transport rates are of the same order of
magnitude as sea-level oxidation rates, and transport may well be the
rate-controlling mechanism. But the transport rate decreases with
temperature and thus cannot lead to ignition.

Adsorption of Oxygen Molecules

When an oxygen molecule comes close to the oxide surface it must
pass over an "energy hill" if it is to be adsorbed by the surface. Only
a small fraction of the molecules coming close to the surface have enough
energy to pass this barrier, and thus only a small fraction are adsorbed.
Adsorption is believed to occur only at activated sites on the surface.
If the pressure of the gaseous reactant is not too low the surface will
be covered by a monomolecular layer of adsorbed molecules, and the
adsorption is said to be kinetically of zero order.

The rate of zero-order adsorption is given in reference 5 as

kT, -E/RT '
v = Ca ;{5 e /R (20)

where v  is the number of molecules adsorbed per unit time, Ca is the

number of activated adsorption sites, E <1s the activation energy repre-
sentative of the minimum energy a molecule must have to pass over the
potential energy barrier, Tg is the surface (and gas) temperature, and

k, A, and R are Boltzmann's constant, Planck's constant, and the gas
constant, respectively.



20

The weight rate of adsorption is therefore

aw W1 KTsW1 -E/RT
= =V == (g —2-—=¢ 5 21
de N, ® N,A (21)

where Wy 1is the molecular weight of oxygen, and Nj 1is Avogadro's

number. Note that the rate of adsorption is independent of pressure
and 1s invariant with time. Note also that equation (21) is of the
form (over small temperature ranges)

aw 'EZ/RTS

$6 = Age (22)

characteristic of metals oxidizing in a linear manner. By comparing
the theoretical frequency factor (CaKTSWl/ﬁNO) with the experimental

constant A;, some definite conclusions can be drawn concerning the

possibility of adsorption as the rate-controlling mechanism for linear
oxldation. For the purpose of this comparison Cq 1s taken as f

times number of oxide molecules per unit area, where f is a roughness
factor defined by

£ o= True surface area
Projected area

In the calculations for this comparison f was taken as 25.

Metal Oxide Ts» CakTgWy [AN,, Ay,
Op g/cme-sec g/cmP-sec
Mg MgO 932 26.4 x 10° 1.7 x 100
Ti Ti0, 1,652 48.5 400
Ca Ca0 932 18.0 .078
U Us0g 572 20.5 7
Ce CeOp 572 15.0 ki

Except for magnesium, the thecretical frequency factors are several
orders of magnitudes larger than the observed values of Ay, and it

does not seem possible that adsorption could be the rate-controlling
mechanism. However, the agreement for magnesium is close enough to
admit the possibility that adsorption is rate determining for magnesium;
in fact, an f of 1.6 would give exact agreement. On the basis of the
comparison in the preceding table it can be concluded that adsorption

2
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is one step that may control linear oxidation, but certainly not the
only one. :

It must be remembered that C, represents the number of adsorp-

tion sites available for oxygen molecules. If the environment is a mix-
ture of oxygen and nonreacting gases, it would seem that some sites
would be occupied by the inert molecules. It would be expected, for
example, that the number of oxygen adsorption sites in air would be
approximately 21 percent of the total number of sites. Thus, if adsorp-
tion were indeed the rate-controlling step the oxidation rate would vary
directly with the percentage of oxygen in the environmment. Thils behavior
might be used to help identify the rate-controlling step for linear
oxidation.

If the surface is only sparsely covered with adsorbed molecules,
the reaction is said to be kinetically of first order. In this case
the rate of adsorption is directly proportional to the oxygen concen-
tration in the environment. It is doubtful that metal oxidations are
first order because of the high affinity of oxygen for metals. The
first-order reaction, which is considerably more involved than the zero-
order adsorption, is discussed in reference 5. Expressions simllar to
equation (20) may be derived but will not be presented here; it is felt
that at the extremely low pressures which are required for first-order
reactions the reaction will be limited by the rate of oxygen transport,
and adsorption will not be rate controlling.

The adsorption rate predicted by equation (20) is based on the
assumption that the gas adsorbed at the surface is essentially at the
surface temperature. If, however, the mean free path is of the order
of magnitude of the boundary-layer thickness, the molecules which
approach the surface may have quite different energies. The higher
energy molecules are adsorbed more easily than the colder molecules,
and thus any temperature distribution in a thin boundary layer of this
type may have a profound influence on the adsorption rate. The activa-
tion energy E represents the energy a molecule must have in order to
be adsorbed; Tg represents the surface and mean molecular temperature.

If the mean temperature of gas molecules is some higher temperature T,
then the adsorption rate will be greater by

Fraction of molecules from a group at mean temperature T which
have energies exceeding E

- Fraction of molecules from a group at mean temperature Tg which
have energies exceeding R

The fraction of molecules from a group at a given temperature which
have energies exceeding a given value 1s (see ref. 3)
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TEnergy >E = f%Z é%‘e-E/RT +1 - ¢(VE/RT) (23)
where
2 [T P
¢(X)—V—?\[Oexdx

It may be shown that for large values of X,

1-¢(x)“\%{:%}f<-gl§+...>

Thus, equation (23) is of the form

2 .
: 2 o-x2 , 1 e7X 1 )
£ > = £ xe R e I TS W
Energy >E Vr VT X < 552

where x° = E/RT. For metals, 10 < E/RT < 50, and thus, approximately,

~ 2 E _-E/RT
TEnergy >E N'Vi RT © / (24)
Thus,
» TE -E/RT E [1 1
=\=n € RT T/T
F o Vxt VRT _ 1 o B ( s) (25)
2 | E _-E/fRTs {(T/Ts)

U= VR,

The rate of adsorption of molecules whose mean temperature is T
by a surface at temperature Ty may therefore be written as

ho o]
3 - (dw>iso il (gﬂ>isovr%§ eRTS s (26)

ae as ae

This analysis may be extended to the situation where there is a
temperature variation near the surface. Suppose, for example, that the
surface is cool relative to its environment and that a boundary layer
of sorts is formed over the surface. The variation of mean molecular
temperature away from the surface might be somewhat as shown in the
following sketch:
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Adsorbed molecules

Tmean molecular

The mean temperature of the molecules in a region between ¢ and £ + dt
away from the surface is represented by T(&). Because of the distri-
bution of molecular free paths, most of the molecules which are adsorbed
at the surface come from regions quite close to the surface. The prob-
ability that any given adsorbed molecule came from the region dt is
(ref. 3)

p(e) = %%—e-g/xm at (27)
m

where A, 1s the mean free path. The rate of adsorption of molecules
from the interval d€ is therefore

E_ _.EEJ
(9, - @), B LT e
=<%9. am | (28)
lSQ

If it is assumed that the temperature distribution does not appreciably
influence A, the total rate of adsorption of molecules from all dis-

tances is
aw _ (dw
du <de)1 ” | (29)
SO
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where E[l Ts]
e RTg | T(E)| _
me J oV et/ Mma (6 /) (30)

The factor 72 represents the increase in adsorption rate due to the
temperature variation away from the surface.

To illustrate the influence of ambient temperature on adsorption
rates, equation (30) has been integrated for a linear temperature varia-
tion. The results are shown in figure 3. The a = 0 situation cor-
responds to a free molecule flow, and the a = » situation represents
a thick boundary layer or continuum flow. Note that the ambient tempera-~
ture can have an appreciable influence in noncontinuum flows, with high
temperatures increasing adsorption rates by several orders of magnitude.

Another manner in which high ambient temperatures can influence the
rate of adsorption is through dissociation. If the gas surrounding the
surface consists of atoms rather than molecules, the mean free path is
longer and more higher energy atoms (which originate far from the surface)
reach the surface. This effect is compounded by the relative ease with
which atoms (compared with molecules) are adsorbed. The result may be
& rather substantial increase in the adsorption rate.

Tonization of Oxygen Molecules and Metal Atoms

Very little can be said about the rates of ionization. It is gen-
erally believed that ionization rates are much faster than rates of
diffusion even through extremely thin films. It would seem that the
rates of ionization would not depend upon the thickness of the oxide
film and thus would be invariant with time. This means that ionization
could not be the rate-controlling step in oxidation that occurs in a
time-dependent manner (parabolic oxidation), which indicates that
ionization rates are faster than diffusion rates with the possible
exception of extremely thin films. Some experiments with ionized gas
have been made, and no increase in the reaction rate was observed.
Although it cannot be definitely said that ionization rates do not con-
trol the linear-type oxidations, it is believed that this is true.

Diffusion of Tons and Electrons

The rate of ion diffusion in oxides has been related to the elec-
trical conductivity by Wagner in reference 6. Electrical charge can
be transferred by transfer of ions or electrons which move through the
oxide lattice. Most of the metal oxides and nitrides exhibit electronic,
as well as ionic, conductivity and are generally classed as semiconductors.
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The transference numbers of the cations, anions, and electrons are defined
by

_ZA+ZC+7’8

where 1n, 15, and 1, represent portions of the conductivity, or the
respective mobilities, of the cation, anion, and electron.

Thus T, To, and T, represent the fractions of the electrical
conduction due to transfer of cations, anions, and electrons.

If an excess of metal ions (cations) exists, two conduction mechan-
isms are possible, and they are referred to as "metal excess semi-
conduction" and "anion deficit semiconduction." In metal excess semi-
conductors, metal ions and electrons appear interstitially in the lattice,
and conduction occurs by migration of cations and electrons. Thus the
transference number Tp 1s negligible; T« 1s also small, but is of

ilmportance. In the anion deficit semiconductor, anions are missing from
their respective lattice sites, and electrons are distributed inter-
stitially. Conduction occurs by migration of anions between the defects
and electrons in the lattice. Thus Ty 1s negligible, and Ty 1is

small but important. Experimentally it is found that the conductivity
of both of these two types of metal excess semiconductors decreases with
increased pressure of the negative component (i.e., oxygen). For the
first type this is believed to be caused by increased migration of the
interstitial cations to new lattice sites at the edge of the crystal,

. Which causes an impoverishment of the interstitial electrons. For the

anion deficit semiconductor, an increase in pressure of the negative
component causes some of the defects to be filled, reducing the con-

ductivity. Models of these two types of semiconductors are shown as
follows:
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zntt o~ zntt o~ Zntt o~"
o
o~ Zntt 0"~ Zntt 0~" Zntt
Zntt
zntt 0" zntt 0" Zntt 0"
o
0~ Zntt 0~ zntt 0" Zntt

Metal Excess Semiconductor

Fe+-l—i- Fe+++
e
(O 0™~ (O
e~ Fe+++ Fe+++
O

Anion Deficit Semiconductor

If an excess of anions (oxygen ions) exists, two conduction mechan-
isms are possible, and they are referred to as metal deficit semiconduction
and anion excess semiconduction. In metal deficit semiconductors, the
cation lattice contains some vacant sites, and electric neutrality is
established by the formation of cations of higher valence (termed elec-
tron defect). Conduction occurs by electron exchange between cations of
different valence and cation migration in the vacant lattice sites. Thus,
Tp 1s negligible, and Tc is small but important. In anion excess semi-

conductors, anions are distributed interstitially, and electric neutrality
is maintained by electron defect. Conduction occurs by interchange of
electrons between the cations of different valence and anion migration
in the interstitial spaces. Thus TC 1s negligible, and Tp 1is small

but important. It is experimentally found that the conductivity of both
of these two types of anion excess semiconductors increases with increased
pressure of the negative element (oxygen). For the first type this is
said to be due to cation migration to the surface of the crystal leaving
more vacant lattice sites and causing more electron defects. For the
second type this could be attributed to an increase in the number of
interstitial anions, which in turn causes more electron defects. Models
for these two types of semiconductors are shown as follows:
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Metal Deficit Semiconductor

Met++ o-- Me*+t o~-

o-- Met++ o-- Me*+
o--

Mettt 0" Mett Mett

Anion Excess Semiconductor

Wagner, reference 6, has derived an expression for the rate of
oxidation in terms of the specific electrical conductivity of the film,
the transference numbers of the anions, cations, and electrons, and the
free energy decrease of the oxidation reaction. All these quantities
can be measured independently, and thus his analysis can be and has been
verified experimentally. It 1s assumed in the analysis that the trans-
port of both ions and electrons through an oxidation layer is fundamentally
the same as current flow in a cell. The film provides both the electro-
lyte by virtue of ionic transport and the external circuit because of
electronic conduction. The electromotive force of the cell is assumed
to be the decrease in free energy of the reaction. Wagner's analysis
leads to

KTA + TC e nmr( 1/n _ Py 1/n)Be” -E/RT (31)

Note that this equation has the form, over limited temperature ranges,

%% _ Constant e-Constant/RT (32)
W

which in turn leads to an equation of the form

w2 = Constant, e~Constant/RTg _ g o (33)

which is found experimentally to be characteristic of the oxidation of
many metals.
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It is seen from this analysis that the dependence of the oxidation
rate on pressure may be either positive or negative, depending on the
semiconduction characteristics of the oxide film. For most metals, this
dependence 1s extremely slight, at least where diffusion is known to be
rate controlling. The oxidation rate of copper, for example, varies
about as the 1/7 power of the oxygen pressure; the oxidation of zinc
varies about as the -1/6 power of pressure.

When dn oxygen molecule strikes the surface, it assumes an energy
level essentially equivalent to the surface temperature. Ionization and
diffusion will then occur at exactly the same rate as if the mean molec-
ular temperature in the gaseous environment were equal to the surface
temperature. If dissociation occurs, atoms striking the surface will
also assume the surface temperature, and since, in general, atoms are
lonized easier than molecules, it might be suspected that the rates of
ionization will be faster with dissociation. This is of no consequence
since ionizatlion is not important as a rate-controlling step. Thus it
appears that the ambient temperature does not influence oxidation where
diffusion is the rate-controlling step.

For most metals of technical importance the rate of ion diffusion
varies only slightly wlth pressure. Figure 4 shows the order of magni-
tude of the influence of flight conditions on diffusion rates for metals
where the diffusion rate varies as the t1/7 power of (stagnation) pres-
sure. Note that the influence of pressure is relatively small, espe-
cially at Mach numbers which would be practical at any altitude. The
influence of pressure on the ignition temperature will be slight, with
low pressures giving higher ignition temperatures for metals whose oxides
are metal deficit semiconductors and lower ignition temperatures for
metal excess semiconductors. The mechanism of ion diffusion in the oxide
is therefore of importance in determining how ignition temperatures
(diffusion controlled) vary with flight conditions.

If the flow over the surface causes the oxide to be blown away, the
oxidation will proceed at essentlally a constant rate (at any temperature) .
The partial removal of oxide may increase the rate of diffusion to the
point where some other mechanism becomes rate controlling, and thus oxida-
tion data obtained in still air would not apply. This is one of the more
important considerations regarding ignition in flight and needs to be
studied more carefully. '

EXPERIMENTAL RESULTS

The objectives of the experimental part of this investigation were
to obtain ignition temperatures for a number of technically important
metals and alloys and to support the postulated ignition theory.
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Ignition temperatures for a number of metals are presented in
table 3. In general, it was observed that the ignition temperatures
were relatively independent of the oxygen concentration in the environ-
ment; this observation is in agreement with the theories for oxidation
controlled by adsorption or diffusion. The ignition temperatures were
not appreciably influenced by high-velocity airflow over the oxidizing
surface; this indicates either that the airflow was not able to blow
away the oxide scale to any appreciable extent or that the removal had
little effect on the ignition temperature. The high-velocity airflow
should tend to give higher convection coefficients, which should, in
turn, lead to higher ignition temperatures according to the theory.
However, the increase in the ignition temperatures predicted by the
theory is only of the order of 20° to 50° F, and thus it is difficult to
determine if there were such an increase. The high-velocity tests
therefore neither confirm nor contradict the effect of convection pre-
dicted by the theory. The shape of the body seemed to be unimportant,
at least in the range of conditlons obtainable. Thus, the use of an
isothermal body as a basis for analysis may not be too bad, except
under more extreme circumstances.

In general, the experimental observations and the theory of ignition
are in reasonable agreement, and the behavior of actual ignition tempera-
tures with environmental conditions is predicted quite adequately by
the theory.

Apparatus and Procedures

The experimental part of this investigation consisted of three
phases. In the first phase several metals were heated electrically in
a specially constructed container in which controlled environments
could be maintained. The temperature of the samples was raised until
ignition or melting occurred, and the failure temperature was measured
with an optical pyrometer. In the second phase metals were heated
electrically in a jet of air at a Mach number of 1.25, and failure tem-
peratures were observed optically. In the third phase calcium models
of various shapes were placed in a hot airstream, and ignition tempera-
tures were measured with thermocouple circuits.

The pressure tank and control console used in the first phase are
shown in figures 5 and 6. The models were strips or wires of various
dimensions and were abraded prior to testing to remove all oxide scale.
Air or oxygen pressures of up to 8 atmospheres could be maintained in
the tank. A quartz window and mirror train allowed observation with
the optical pyrometer. The temperature at which the model temperature
started to increase rapidly was recorded as the ignition temperature;
in some cases the models simply melted, and the observed melting point
was recorded. The observed temperatures were corrected for adsorption
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by the window and mirror train but were not corrected for the fact that
the target was not a true black body. The temperatures reported are
therefore "brightness" temperatures and are lower than the true tempera-
tures. In each case the uncertainty in temperature was estimated and
recorded.

The free-jet wind-tunnel installation used in the second phase is
shown in figure 7. The discharge area is 0.760 square inch, and stagna-
tion temperatures up to 180° F may be obtained. A typical model is shown
suspended between the electrodes. The technique for measuring the igni-
tion temperatures was the same as that used in the pressure tank, except
that no correction for a mirror train was required.

The high-temperature-air supply used in the third phase is shown
in figure 8. Air was heated electrically by a series of Nichrome screens,
and temperatures up to 1,850o F at 100 ft/sec could be obtained. The
discharge area was 1 square inch. The models were calcium cones of
various shapes with iron-constantan thermocouples mounted in the tips.
Immediately prior to testing, the models were abraded to remove the
oxide scale, and the points were sharpened. The air temperature was
then increased slowly, and the model temperature recorded on a fast
response millivoltmeter. When ignition occurred the model temperature
rose rapidly, and the ignition temperature was well defined by a sharp
break in the temperature-time curve.

Test Results

The experiments in the pressure tank were performed to determine
the effect of the environmental pressure on the ignition temperature.
In no case was any appreciable effect observed, and this is in agree-
ment with the mechanisms and thermal definition of ignition. The
observed melting points are in agreement with the well-known values.
There is some scatter in the data, and this may be due to time depend-
encies of the oxidation rate, although effort was made to have the
warmup time of all models the same. Models of various thicknesses were
tested, and no effect of thickness was observed. Since the rate of
burning after ignition was considerably greater with oxygen than with
air, the ignition temperature was better defined with oxygen, and thus
the data obtained using oxygen are probably more accurate. No appre-
‘ciable difference between the ignition temperatures in air and oxygen
was observed, which indicates that diffusion in the oxide controlled
the reaction.

The experiments in the supersonic jet were performed to study the
effect of flow velocity. It was expected that the thickness of the
oxide film might be reduced by the flow, thus lowering the ignition
temperature. No appreciable effect of the jet was observed.
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Unfortunately, the convection conductances were not high enough so that

the effect of convection heat transfer predicted by the analysis could
be checked.

The experiments in the hot airstream were performed to study the
effect of shape. Calcium was chosen as the test metal because it has
an ignition temperature in the range of the temperatures producible in
the jet, because it is known to oxidize in a time-independent manner,
and because it has reasonably good strength characteristics in the range
of ignition. Magnesium was tried at first, but the models sagged before
ignition and thus were useless for a study of the shape effect. Cones
having included angles of from 20° to 180° and base diameters of
3/8 inch were tested at approximately 85 ft/sec, and no appreciable
effect of shape was observed. Ignition was seen to occur first at the
very tip of the models and then to propagate to the afterbody. In a
few seconds the entire model was consumed. The possibility of a shape.
effect cannot be ruled out entirely, because it is probable that the
shape effect will be more pronounced at more rapid heating rates.

Table 3 presents a summary of ignition temperatures of solid metals
obtained under static conditions. The data of a number of other investi-
gators are included. The results of the pressure tank and supersonic
wind-tunnel tests of this investigation are presented in tables 4 to 23
and in figures 9 to 17. The results of the shape-effect experiments
are presented in table 2k.

Comparison of Predicted and Experimental
Ignition Temperatures

The experimental ignition temperatures for a number of metals are
compared with the ignition temperatures predicted by the thermal defi-
nition of ignition in figure 18. In this comparison the oxidation data
of table 1 and the heats of formation of table 25 were used. In addi-
tion, the comparison is made for several magnesium alloys. The oxidation
data for these comparisons for magnesium were taken from reference 7
and the ignition-temperature data were taken from reference 8, and both
are summarized in table 26.

In figure 18 the experimental data are compared with the curve for
h* = 0; this is reasonable for a qualitative comparison, since the
ignition temperatures were all measured in quiescent environments. It
must be remembered that the uncertainty in the oxidation rate constants
is extremely high and thus the comparison cannot be too quantitative.
It is felt that the agreement of the data with the theoretical ignition
temperatures is satisfactory, and thus the postulate of a direct relation
between oxidation and ignition, and all consequences thereof, is correct.
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CONCLUDING REMARKS

A simplified definition of ignition has been developed from an energy
balance on an isothermal body. The conclusions regarding the effects of
environmental factors on the ignition temperature are thus restricted to
situations where internal temperature gradients are relatively small, but
more drastic shapes may well produce substantial departures from the pre-
dicted behavior. The slmple analysis, and consideration of the oxidation
mechanisms, indicate that the ignition temperature is essentially inde-~
pendent of ambient temperature and pressure, except insofar as these
items influence convective heat transfer. The dependence of the ignition
temperature on convection and radiation heat-transfer rate predicted by
the analysis is extremely interesting. It is found that the ignition
temperature depends only on the magnitude of these transfers and not
upon their direction, with higher heating or cooling rates giving higher
lgnition temperatures. No data are available either to substantiate or
to repudiate this result. Under certain circumstances the ignition tem-
perature depends on the thickness of the oxide scale covering the surface,
and thus any factors which might tend to reduce the scale thickness are
important. The available data are in reasonably good agreement with the
postulated mechanisms and the thermal definition of ignition.

Stanford University,
Stanford, Calif., June 15, 1957.
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TABLE 1

OXIDATION DATA FOR METALS

y Primary iiiz: Temperature Ay, Ay, E, or Eg,
etal : Gas range,
oxide Em- o ge/cmy-sec g /cme-sec cal/mole
g

Be BeO [0Oo | 100 | 840 to 970 0.22  feocmmeenn 62,000
| BeO [0p | 76 | 350 to 700 {1.8 x 10712 | _______. 8,500
BeO [O0p | T6 | 750 to 950 [3.5 x 10=3 |-meccmeee 50,300

Mg | MgO |Op | 760 | 475 t0 575 |-cmmmmmeea- 1.7 x 10°] 50,500
Ca CaO [0 | 760 600  |emmmmmmeee .2 19,600
Th | ThOp |On | 450 | 250 to 350 073 feemeeeee 31,000
ThOp |{Op | 210 | 350 to 450 |—cemmmmcma- .078 22,000

ThO, [Op | 210 450  |eemmmmeeeeo 10.9 25,600

Ti |Rutile |Op 76 | 400 to 600 {2.0 X 105 |eemommme- 29,300
Rutile [Op | 760 | 650 t0 830 |wmeeeoe—ee- 400 40,000
Rutile | Op | 760 | 830 to 950 |~meemecceo- 5 47,000

Zr ZrOp | Op 76 | 200 to 425 (2.9 x 10™T |eeomao_ 18,200
ZrOp {Op | T | 600 to 920 [2.4 x 103 |ecceecoo_ 32,000

\' V205 | Op 76 | 400 to 600 [1.3 x 10=3 [cccceaeoo 30,700
Nb Nbo~ | Op 76 | 200 to 375 {2.6 X 107D |ec—mmeme- 27,400
Ta | TapOs5 |02 | 76| 250 to 450 |3.5 x 10™% femmmooaa- 27,400
0o | 760 1,250 65  femmemeeee 43,700

Cr | Crg03 | 02 76 | 700 to 900 31.5  femememeem 66,300
Mo | MoO3 [Op | 76| 350 to 450 [3.55 x 1072 [cmmcaem-- 36,500
W WOz | Op 76 | 400 to 840 | 5.1 x 10° |-mmmeone- 54,000
Mn | MnzO) | Air 400 to 1,000/1.95 x 1073 |mmececa-- 28,300
Fe FeO |Air 500 to 1,100 5 Y (R FSreo— 33,000
Co Co0 | 0o 76 | 200 to L0O |2.0 x 1075 |-mmmmcee- 23,400
0o 76 | 300 to 600 [3.0 x 10=0 e 22,200

Air 400 to 625 3.0 x 1070 oo ___ 22,200

Ni NiO | Air 625 to 1,100 56 femmmmeees 4k 100
Air 750 to 1,240{3.2 x 1072 |ococmcmos 45,000

Cu | CupO | Air 300 to 550 [1.5 x 107D |—cmcoae—- 20,140
Cu0 | Air 550 to 900 266 |emmmm e 37,700

Al | AlpOz | Op T6 | 350 to 475 |2 7.5% 10" mmaaaaaan 22,800
Pb PO | Air 100 to 300 009  |emmeeeaee 2l , 200
Ce | Cep03z, | Air| T60 300 | emmmmcm——ee A 7,000

Celo
U Uz08 300 | eemeememeeee 7 18,400
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SUMMARY OF POSSIBLE OXIDATION-RATE-CONTROLLING MECHANISMS

SHOWING THE INFLUENCE OF ENVIRONMENTAL FACTORS

Mechanism

Simplified rate formula

Remarks

Transport mechanisms:

Molecular collision
in pure oxygen

Oxygen diffusion through
nonreacting gas

Oxygen diffusion through

oxide vapor

Reaction in metal vapor
film

Adsorption of oxygen at
gas-oxide interface

Ionization of oxygen and
metal
Diffusion mechanisms:

Cation excess
semiconductors

Anion excess
semiconductors

ae

dw

— = Constant

dae

aw

ae

il

p/T

1Y
22 VT fige
Constant \p&;: \/E e'C/T

Constant

Constant

POz . -E/RT

o]

6}

_ Constant -1/ne-E/RT
(o2)

Congtant(p02>l/ne—E/RT

Will not lead to ignition

Will not lead to ignition;
may depend somewhat on T

May depend somewhat on T, ;
known to be rate controlling
for molybdenum

Extremely rapid reaction, but
not common in technically
important metals below the
ignition temperature

Believed to be rate controlling
for magnesium; independent of
flow velocity

Not believed to be rate con-
trolling for metals

Usually only slightly decreasing
with oxygen pressure; inde-
pendent of flow velocity
(example: Zn0)

Usually only slightly increasing
with oxygen pressure; inde-
pendent of flow velocity
(example: Cuy0)

%Below some limit the oxidation rate will be independent of Reynolds number;
\‘NRe holds for the laminar boundary layer.




TABLE 3

IGNITION TEMPERATURES OF SOLID METALS

Metal Ignition temperatufe, Source cas Pressure,
atm
Mild steel 2,240 to 82,330 (v) Air,(c) 1to 7
W 2,270 to 82,350 (v) Air,(c) 1 to 7
Ta 2,260 to 82,340 (v) Air,(e) 1t0 7
Ti alloys: .
RC-T70 2,880 to 82,960 (v) Air,0o 1lto7
RS-T0 2,890 to 2,940 (v) Air,0, 1Lto7
RS-110-A 2,860 to 22,910 (b) (d),0, 1to 7
RS-110-BX 2,850 to 82,920 (p) (a),05 1to7
Stainless steels:
430 2,460 to 22,490 (v) (a),00 1to 7
302 e) (b) Air,0, 1 to 7
Cu (e) (b) Air,0p 1to7
Ni (e) (b) Air,05 1to 7
Ni alloys:
Inconel (e) (b) Air,0, 1 to 7
Inconel X (e) (v) Air,0p 1to 7
Be alloys:
Berylco 10 1,750 to 1,760 (v) Air,0, 1to 7
Berylco 25 (e) (b) Air,0, 1to7
Mg 1,171 ref. 6 0p 1 to 10
Mg alloys:
20% Al 936 ref. 7 0, 1
T0% Zn 1,004 ref. 7 (O 1
25% Ni 934 ref. 7 0p 1
20% Sb 1,099 ref. 7 0, 1
63% Al 862 ref. 7 (N 1
Fe 1,706 ref. 9 0y 1
Sr 1,328 ref. 9 0o 1
Ca 1,022 ref. O 02 1
Th 932 ref. 9 0 1
Ba 347 ref. 9 0o 1
Mo ‘1,400 ref. 9 [N 1
U 608 ref. 10 0p 1
Ce 608 ref. 11 Oy 1
Al (e) ref. 9 0, 1
Zn (e) ref. O 0o 1
Pb (e) ref. 9. [ 1
Sn (e) ref. 9 0p 1
Bi (e) ref. 9 . 05 1
Li (e) ref. 9 0y 1
ca (e) ref. 9 0p 1
Na (e) ref. 9 0, 1
K (e) “ref. 9 05 1
8Brightness temperature.
bpresent investigation.
CNot tested in oxygen, but probably ignites in oxygen at about the same
temperature.

dpoes not ignite in air.
€Melts before igniting.




TANK TESTS WITH MILD STEEL

TABLE L4

Model '
specifications Ambient Humidity, Power at Brightness
Pressure, 1b "0 . ignition
Run Gas + temperature, D failure, temperature
Length, Diameter, abm Op 1b air W per ’
in. in. F
1 2 0.080 Air 1 Th 0.006 2160 2,330 £ 20
2 2 .080 Air 1 h .006 -—— 2,%20 * 20
3 2 .080 Air 1 Th .006 _—— 2,240 % 20
L 2 .080 Air 1 Th .006 ——— 2,280 + 20
5 2 .080 Air 1 75 .006 ——— 2,260 + 20
6 2 .080 Air 2 5 .006 _— 2,340 £ 20
7 2 .080 Air 2 i) .006 ——— 2,280 = 20
8 2 .080 Air 2 72 .006 ———— 2,330 £ 20
9 2 .080 Air 2 76 .006 — 2,380 + 20
10 2 .080 Air 2 76 .006 - 2,330 + 20
11 2 .080 Air 3 7 .006 _—— 2,310 * 20
12 2 .080 Air 3 7 .006 —— 2,280 * 20
13 2 .080 Air 3 T7 .006 ———— 2,290 + 20
1L 2 .080 Air 3 7 .006 ———— 2,300 + 20
15 2 .080 Air 5 78 .006 —— 2,330 + 20
16 2 .080 Air 5 78 .006 - 2,280 + 20
17 2 .080 Air 5 79 .006 ——— 2,320 = 20
18 2 .080 Air 8 79 .006 —— 2,300 % 20
19 2 .080 Air 8 78 .006 ——— 2,320 + 20
20 2 .080 Air 8 78 .006 ——— 2,310 = 20
@Nominal.

LS



TABLE 5

TANK TESTS WITH TUNGSTEN

Model .

specifications Ambient Humidity, | Power at | CLientness

Run Gas | Fressure, temperature 1b H50 failure lgnition
. atm 7 7 | temperature,

Length, | Diameter, 1b air w op
in. in.

1 2 0.036 Air 1 Th 0.006 260 2,340 * 20
2 2 .036 Air 1 h .006 —— 2,350 * 20
3 2 .036 Air 2 4 .006 -—— 2,300 * 20
L 2 .036 Air 2 % .006 - 2,280 * 20
5 2 .036 Air 3 Th .006 _— 2,280 £ 20
6 2 .036 Air 3 h .006 -—- 2,270 £ 20
7 ) .036 Air L Th .006 - 2,370 + 20
8 2 .0%6 Air 5 h .006 -— 2,340 + 20
9 2 .0%6 Air 5 Th .006 ——— 2,370 = 20
10 2 .036 Air 6 h .006 -—- 2,280 + 20
11 2 .036 Air 6 h .006 -— 2,340 *+ 20
12 2 .0%6 Air 7 Th .006 _— 2,340 £ 20
13 2 .036 Air 7 Th .006 - 2,300 £ 20

@Nominal.

Q¢



TANK TESTS WITH TANTALUM

TABLE 6

Model §pec1flcatlons bressure Ambient Humidity,| power at Bi';ilirlliis
s ;
RUR g engtn, | Width, | Thickness,| 038|  atm | CemPerature, b 10 | failure, temperature,
in. in. in. F 1b air v oF

1 1 1/k 0.02 Air 1 Th 0.006 a100 2,300 * 20

2 1 1/4 .02 |Air 1 Th .006 —— 2,260 * 20

3 1 1/h .02 Air 2 Th .006 ———— 2,330 * 20

L 1 1/ .02 |Air 2 Th .006 -———- | 2,310 % 20

5 1 1/4 .02 Air 3 Th .006 ——— 2,320 + 20

6 1 1/4 .02 Air 3 Th . 006 -———- 2,260 + 20

7 1 1/k .02 Air b 4 .006 ——— 2,340 + 20

8 1 1/k4 .02 |Air 4 Tk .006 ---- | 2,340 % 20

9 1 1/4 .02 Air i 4 . 006 —— 2,300 + 20

10 1 1/4 .02 Air L 4 .006 ———— 2,310 + 20
11 1 1/h .02 Air 5 e .006 —— 2,280 * 20
12 1 1/h .02 Air 5 Th .006 _—— 2,300 * 20
1% 1 1/h .02 Air 6 h . 006 ——— 2,320 + 20
14 1 1/4 .02 |Air 6 Th .006 ———— 2,280 + 20
15 1 1/4 .02 |Air 7 Th .006 ——== | 2,290 % 20
16 1 1/4 .02 |Air 7 T .006 _—— 2,290 £ 20
17 1 1/h .02 Air 8 T4 .006 -—- 2,320 * 20
18 1 1/4 .02 - |Air 8 T .006 ——— 2,330 + 20

@Nominal.

66



TABLE 7

TANK TESTS WITH TITANIUM RC-T70

Model specifications Ambient Humidity,| power at B?ig@tgess

Run . ) Gas [T TESSUTE, temperature,| 1b H,0 |failure ignition
Length,|Width, | Thickness, atm o2 ’ | temperature,

in. in. in. 1b air v

1 1.5 1/8 | 0.020 |0o 1 0 | eemeem 101 | 2,930 £ 30
21 1.5 1/8 020 |0, 1 70 | —me.e- 114 | 2,880 * 30
3 1.5 1/k4 .067 Op 2 70 | eemme- 1,150 2,940 £ 30
L 1.5 1/8 .067 Op 3 70 | mem———- L60 2,910 + 20
51 1.5 1/8 040 |05 L (R B 295 | 2,890 * 20
6 1.5 1/8 .040 ) 4 70 | eeeeee 300 2,930 * 20
7 1.5 1/k .067 0o 5 70 | em—-—- 1,220 2,930 £ 20
8 1.5 1/8 .010 O 6 70 | mmmmem | - 2,895 + 20
9 1.25 1/h .067 0o 7 70 | eeem- 840 2,900 £ 30
10 1.5 1/4 .067 o 7 70 | —emee- 9ko 2,880 * 30
11 1.5 1/4 .010 Air 1 63 0.0080 | ~==-- 2,910 + 20
12 1.5 1/h .010  |Air 2 6% 0080 | ----- 2,900 * 30
13 1.5 1/4 .010 Air 3 63 0080 | wm=-- 2,910 * 20
1h 1.5 1/4 .010 Air L 63 0080 | —-=-- 2,890 * 30
15 1.5 1/4 .010 Air 5 63 0080 | =m--- 2,920 * 20
16 1.5 1/4 .010 Air 6 63 0080 | ~-m-- 2,940 + 20
17 1.5 1/b .010 Air 7 63 0080 | -==-- 2,920 + 20
18 1.5 1/4 .067  |He 1 63 | emmeee | aeee- 83,010 * 20

Melted.

Ot



TABLE 8

C-LTT7

WIND-TUNNEL TEST OF TITANIUM RC-T0

Model specifications Humidity . Brightness
of jet Stagnation | Power at e s
R Mach JEL, & N fail ignition
un Length, | Width, | Thickness,| number 1b H0 Smperature, alrure, temperature, |
in. in. in. 1b dry air v
1 1.88 0.138 0.067 1.25 0.00184 163 1,670 2,950 + 10
2 1.88 .202 .067 1.25 .00184 197 1,800 2,880 = 20
3 1.88 237 .067 1.25 .00184 163 2,210 2,950 = 20
L 1.88 237 .067 1.25 .00184 140 1,900 2,960 + 20

™

V9



TABLE 9

TANK TESTS WITH TITANIUM RS-70

Model specifications bressure Ambient Humidity, |power at B§;§?§?§is
Run Length,| Width, | Thickness, Gas atm | temperature, __EE_EQET_ failure, temperature,
in. in. in. 1b dry air| W
1 1.5 3/16 0.025 |[0o 1 6 U 311 2,920 + 20
2 1.5 3/16 .025 Op 3 A N I 281 2,940 + 10
3 1.5 3/16 .025 Oo b £ B . 307 2,920 £ 20
L} 1.5 | 3/16 025 105 5 L | eeeeee 285 2,940 * 10
5 1.5 3/16 .025 0p 6 L | eeeee- 307 2,930 = 20
6| 1.5 | 3/16 025  |0p 7 ¢ I 281 2,890 * 20
7 1.5 3/16 .025 Air 1 73 0.0062 298 2,930 * 30
8 1.5 3/16 .025 Air 1 73 0062 30k 2,970 + 30
9 1.5 3/16 .025 Air 1 73 0062 298 3,000 * 30
10 1.5 3/16 .025 Air 3 3 0062 298 3,010 £ 30
11 1.5 3/16 .025 Air 5 73 .0062 298 2,930 = 30
12 1.5 3/16 .025 Air 7 73 .0062 310 2,960 * 30

ch




TABLE 10

C-4TT

WIND-TUNNEL TESTS OF TITANIUM RS-T70

Model specifications Hwéli@izy Stagnation BI"igl:ltljlesé
Run . ] Mach A temperature, ignition
Length, | Width, | Thickness, | number 1b H50 oF temperature,
in. in. in. 1b dry air
1 1.88 0.188 0.025 1.25 0.00184 105 2,950 * 30
2 1.88 .188 .025 1.25 .00184 105 2,940 *+ 30

et



TABLE 11

TANK TESTS WITH TITANIUM RS-110-A

Model specifications Ambient Humidity, Power at B?igptpess
Gas|FTESSUTe, |4 op erature 1b H,0 |failure ignition
Run Length, |Width,| Thickness, atm P op N2 ’ | temperature,
in. in. in. lb dry air w
1 1.5 3/16 0.025 0o 1 T . 282 2,890 + 20
2] 1.5 | 3/16 025 |0 3 L meeee- 300 2,890 * 30
3 1.5 3 /16 .025 Op 5 7L | mmmeee 331 2,890 * 10
L 1.5 3/16 .025 0o T 7| eeeee- 328 2,910 + 20
51 1.5 | 3/16 .025 |05 8 70 T IR 307 2,860 + 20
6 1.5 3/16 .025 Air 1 T3 0.0081 288 83,260 * 100
7 1.5 3 /16 .025 | Air 1 73 0081 260 83 260 * 50
8 1.5 3/16 .025 Air 3 3 0081 325 a3 110 + 50
9| 1.5 | 3/16 .025 | He 1 0 | meeee- 330 {83,040 * 50

GMelted.

fh



TABLE 12

WIND-TUNNEL TESTS OF TITANIUM RS-110-A

Model specifications Humidity . Brightness
F et Stagnation e s
R Mach oL jev, : + ignition
US| Length, | Width, | Thickness, |number 1b H50 CIPETELUTE, | temperature,
in. in. in. 1b dry air OF
1 1.88 0.188 0.025 1.25 0.00184 140 82 760 * 30
2 1.88 .188 .025 1.25 .00184 140 82,720 + 30
3 1.88 .188 .010 1.25 .00184 140 83 040 *+ 30
L 1.88 .188 .010 1.25 .00184 140 83 060 + 30
elted.

o



TABLE 13

TANK TESTS WITH TITANIUM RS-110-BX

Model specifications P Ambient Humidity, Power at B?ightgess
| Pressure, 1b HA0 . ignition
RUD| 1 ength, | Width, | Thickness,| %% atm vemperature,| D o0 (failure, | o o ature,
in. in. in. F 1b dry air w o
1] 1.5 | 3/16 | 0.025 |05 1 (N I 248 2,910 * 20
2| 1.5 | 3/16 025 |05 1 0 | eeeee- 260 2,850 * 20
3 1.5 3/16 .025 O 3 0 | e 272 2,920 * 20
L 1.5 | 3/16 .025 | 0o 5 (o H 265 2,900 * 20
5 1.5 3/16 .025 0o 7 (R I — 282 2,890 * 20
6| 1.5 | 3/16 .025 | 0o 8 (0T (. 300 2,890 * 20
71 1.5 | 3/16 .025 | Air 1 70 0.0075 264 83,280 * 50
8 1.5 5/16 .025 Air 1 68 ______ ——— 8‘5',150 + 50
9 1.5 3/16 .025 Air 1 68 | cmmee- _— 83 040 *+ 30
10 1.5 3 /16 .025 Air 5 70 0075 306 83 050 * 50
11 1.5 3/16 .025 Air 8 70 0075 278 a3 270 + 50

IMelted.

on



TABLE 14

WIND-TUNNEL TESTS OF TITANIUM RS-110-BX

Model specifications Humidity Stasnation Brightness
R Mach of jet, N g N ignition
Y| Length, | Width, |Thickness, | number 1b HyO0 empeg; Y€ | temperature,
in. in. in. 1b dry air
1 1.88 0.188 0.025 1.25 0.00184 140 2,940 * 20
2 1.88 .188 .025 1.25 .0018k4 140 2,880 + 20
3 1.88 .188 .025 1.25 .00184 140 2,830 £ 20
L 1.88 .188 .025 1.26 .00184 140 2,850 £ 20
5 1.88 .188 .025 1.25 .00184 140 3,050 * 20
6 1.88 .188 .010 1.25 .00184 140 2,930 * 20
7 1.88 .188 .010 1.25 .00184 140 2,910 + 20
8 1.88 .188 .010 1.25 .00184 140 2,950 * 20
9 1.88 .188 .010 1.25 .00184 140 2,950 £ 20
10 1.88 .188 .010 1.25 .00184 140 2,930 + 20

L%



TABLE 15

TANK TESTS WITH STAINLESS STEEL 430

Model specifications Ambient Humidity, |Power at B?ightgess

Run o . Gas Pressure, temperature,| 1b HpO failure lgnition
Length, | Width, | Thickness, atm ? ’ |temperature,

in. in. in. 1b dry air w

1| 175 | 3/16| 0.025 |0, 1 Y (R (— 23 2,470 + 20
21 1.75 | 3/16 025 0 1 67 | —mmme- 233 | 2,490 + 20
31 1.75 3/16 .025 ) 3 67 | eemee- 203 2,480 + 20
L1175 | 3/16 025 |05 5 Y E— 205 2,460 + 20
51175 | 3/16 025 10, 5 67 | —-me-- 205 2,470 + 20
6| 1.75 3/16 .010 0o 7 67 | eeme-- _— 2,480 + 20
T 1.7 | 3/16 025 |Air 1 67 0.0065 261 |%2,670 + 30
8| 1.75 | 3/16 .025 | Air 1 67 0065 28k |%2,680 = 30
9| 1.75 | 3/16 .025 | Air 4 67 0065 24k |%2,710 + 30
10| 1.75 | 3/16 .025  |Air 7 67 0065 29k |%2,720 + 30

gh



TABLE 16

C-4TT

WIND-TUNNEL TEST OF STAINLESS STEEL 430

Model specifications Humidity g . Brightness
£ jet tagnation s el
Run Mach oL 9e% temperature lgnition
Length, | Width, | Thickness, | number 1b Hy0 P ’ | temperature,
in. in. in. 1b dry air OF
()
1.88 0.188 0.025 1.25 0.00184 110 2,730 £ 20
1.88 .188 .025 1.25 .00184 107 2,780 + 40O

aModel melted.

64
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TABLE 17

TANK TESTS WITH STAINLESS STEEL 302

Model specifications . Ambient Humidity, |Power at B]f‘igk.ltr'less
Run ) . Gas| CoSWEs |t emperature 1b H,0 |failure ignition
Length,|Width, | Thickness, atm P 4 P ’ | temperature,
in. in. in. 1b dry air| ¥ op
(a)
1 1.5 3/16 0.025 05 1 R B 25k 2,600 * 30
2 1.5 3/16 .025 0o 1 4 W [ 259 2,550 * 30
3 1.5 3/16 .025 0o 3 7L | eemeee 255 2,500 * 20
l 1.5 3/16 .025 05 5 /4 W I 266 2,520 * 20
5 1.5 3/16 .025 N 7 7L | emeee- 255 2,520 = 20
6 1.5 3/16 .025 0o 8 7L | eeeee- o7 2,510 £ 20
71 1.5 3/16 .025 | Air 1 71 0.0050 292 2,550 + 20
8 1.5 3/16 .025 Air 1 71 0050 320 2,510 + 20
9| 1.5 | 3/16 .025 | Air 3 71 0050 296 2,550 £ 20
10 1.5 3/16 .025 Air 5 71 0050 289 2,540 + 20
11 1.5 3/16 .025 Air 8 71 0050 310 2,590 = 20

Model melted.

05



TANK TESTS WITH COPPER

TABLE 18

C-4T7

Model . o i

specifications Pressure Ambient Higlglgy’ Power at B§;§?E?EES
Run Gas otm ’ | temperature, i failure, temperature,

Length, | Diameter, °F 1b dry air w Op

in. in. (a)
1 175 0.020 | Oy 1 <5 2 R —— 27.3 1,880 + 20
2 | 1.75 .020 | 0, 1 53 2 25.4 1,860 + 20
3 1.75 .020 o 2 63 | emeeae 27.3 1,870 + 10
L 1.75 .020 0o L 63 | ameea- 25.3 1,865 *+ 10
5 1.75 .020 o 6 63 | emeee- 27.3 1,860 + 20
6 1.75 .020 0, 8 63 | eeeeee 28.3 1,860 + 20
7 1.75 .020 Air 1 63 0.0086 27.3% 1,865 + 10
8 1.75 .020 Air 2 63 0086 27.3 1,880 + 20
9 1.75 .020 | Air L 63 0086 28.3 1,860 + 10
10 1.75 .020 Air 6 63 0086 26.1 1,880 = 20
11 1.75 .020 Air 8 6% 0086 26.3% 1,850 + 20
12 1.75 .020 He 1 7L | eeeea- ——— 1,830 * 15

Model melted.

16



TABLE 19

TANK TESTS WITH NICKEL

Model specifications Ambient Humidity, |Power at B?ig?tness
Pressure,| ; . ignition
Run Gas temperature, 1b H,0 [failure,
atm —_— temperature,
Length,| Width, | Thickness, 1b dry air w
in. in. in.
(8)

1] 1.5 | 3/16 | 0.025 |0, 1 L | mmmee- 23h 2,540 + 20

2 1.5 3/16 .025 05 3 6 W . 246 2,550 + 20

3 1.5 3/16 .025 05 5 L | emeee- 234 2,545 + 20

LI 1.5 | 3/16 .025 0o 7 TL | mee-e- 256 2,545 + 20

51 1.5 | 3/16 025 |05 8 L | emmme- 250 2,550 + 20

6 1.5 3/16 .025 Air 1 71 0.0050 226 2,540 £ 20

7 1.5 3/16 .025 | Air L 71 .0050 252 2,550 + 20

8| 1.5 3/16 .025 | Air 6 71 .0050 250 2,540 = 20

9 | 1.5 3/16 .025 |He 1 g S —— 2,400 * 15

_aModel melted,

cG



TANK TESTS WITH INCONEL

TABLE 20

Model specifications Brightness
Ambient Humidity, |Power at| ignition
P )

Run Length,| Width,| Thickness, Gas Te:i;re; tempeg;ture, ——}E—EEQT— feilure, temperature,

. . . 1b dry air W

in. in. in. )
: (a)

1 1.5 3/16 0.018 0o 1 69 | —e---- 281 2,550 + 20
21 1.5 | 3/16 .018 |0, 1 69 | —em-e- 268 2,520 + 20
3 1.5 3/16 .018 0o 3 69 | emm——- 281 2,520 + 20
Ll 1.5 | 3/16 .018 0o 5 69 | emmmee 297 2,550 % 20
5 1.5 3/16 .018 0o 7 69 | —eeee- 281 2,560 + 20
6 1.5 3/16 .018 O 8 69 | ememe- 277 2,520 £ 20
7 1.5 3/16 .018 Air 1 69 0.0069 248 2,520 £ 20
8| 1.5 | 3/16 .018  |Air 1 69 0069 273 2,520 * 20
9| 1.5 | 3/16 .018  |Air L 69 0069 281 2,520 * 20
10 1.5 3/16 .018  |Air 7 69 0069 281 2,530 + 20
j11 | 1.5 3/16 .018 He 1 TL | emeee— -— 2,550 * 15

8Model melted.

¢S



TANK TESTS WITH INCONEL X

TABLE 21

Model specifications L , Brightness
Pressure Ambient Humidity, |Power at| ignition
Run Gas tm  |temperature,| 1b Hy0 |failure, temperature,
Length, | Width, | Thickness, atm oF To ary air| W OF
in. in. in. (a)
L| L5 | 3/16] 0.025 o0, 1 69 | —mmee- 28} 2,500 + 30
21 1.5 | 3/16 025 | 0 1 69 | emeee- 277 2,500 + 30
31 1.5 | 3/16 025 | 0, 3 5o 2 298 2,550 *+ 30
o151 3/16 025 | 0p 5 69 | aeme-- 302 2,560 * 30
51 1.5 | 3/16 025 105 T 69 | eeeee- 295 2,530 * Lo
6 1.5 3/16 .025 Op 8 69 | emmee- 307 2,510 + 4o
7 1.5 3/16 .025 Air 1 69 0.0072 284 2,455 + 30
8 1.5 3/16 .025 Air N 69 0072 295 2,460 * 30
9 1.5 3/16 .025 | Air 7 69 0072 288 2,480 * 30
10 1.5 3/16 .025 | He 1 - _— 2,550 * 15

Model melted.,

it
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TABLE 23

TANK TESTS WITH BERYLCO 10

Model Specifications Ambient Humidity, B?igptgess
Run Cas Pressure, temperature 1b Hy0 ignition
Length, | Width, | Thickness, atm oF ? o arv air temperature,
in. in. in. y OF
1 1.5 1/k 0.015 0 1 0 | aee-- 1,750
2 1.5 1/4 .015 05 1 70 | —mee- 1,755
3 1.5 1/h .015 N 3 (O 1,750
i 1.5 1/4 .015 0o 5 (O (S 1,755
5 1.5 1/k .015 0 7 70 | aeee- 1,750
6 1.5 1/4 .015 Air 1 70 0.007 1,760
7 1.5 1/4 .015 Air N 70 .007 1,760
8 1.5 1/4 .015 Air 7 70 .007 1,755

9¢



RESULTS OF SHAPE EFFECT RUNS WITH CALCIUM CONES®

TABLE 24

C-4T7

Included Base Air Air Ignition
Run angle, diameter, temperature, velocity, temperature,
deg in. ft/sec OF
1 180 3/8 1,820 83 1,356
2 180 3/8 1,825 60 1,365
3 90 3/8 1,850 75 1,370
L 20 3/8 1,560 8l 1,360
5 20 3/8 1,620 66 1,380
6 10 3/8 1,770 81 1,345
T 10 3/8 1,600 86 1,320
8 10 3/8 1,630 8l 1,300
9 10 3/8 1,630 83 1,355

a'99—pex'cen1:, pure calcium, turned from castings.

LS
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TABLE 25

PROPERTIES OF SOME METALS AND THEIR OXIDES

Meﬁgl Ox1§e’ Oxide 7, Heat of formation | Heat of reaction
Metal | Oxide melFlng mel?lng Volume density, | g oxide (18° ¢), (18° ¢,
poggt, poggt, ratio g/cm? g 05 cal/mole of oxide cal/g of Op

Be BeO 1,278 2,520 1.68 3.01 1.562 8.66,000 84,120
Mg MgO 651 2,800 .81 3.58 2.52 -145,760 4,080
Ca Ca0 842 2,570 .6l 3.37 3.4L -151,700 9,160
Th ThO, 1,845 2,950 1.35 10.03 8.25 -3%0,950 10,320
Ti Ti0n 1,800 1,860 1.73 k.26 2.49 -217,000 6,680
Zr ZrOp 1,900 2,715 1.45 5.6 3.85 -178,700 5,580
v V205 1,710 660 3.19 3.36 2.27 -L37,200 5,560
Nb NbO 1,950 | —---- 1.37 6.27 6.80 a.100,000 a6,%00
Ta TapOs | P3,027 1,470 2.5k 8.7k 5.52 -500,120 6,270
Cr Crp0s | 1,890 2,440 2.07 5.2 3.17 -267,390 5,570
Mo MoOs 2,620 795 3.24 4.50 3.00 -174,000 3,650
W W05 3,370 1,470 3.35 7.16 4.80 -191,400 3,970
Mn Mnz0), 1,260 1,580 2.15 4.86 3.58 -327,840 5,130
Fe FeO 1,535 1,371 .63 5.7 2.2k -6k ,0L40 2,000
Fey03 1,535 1,565 2.1k 5.2k 3.%2 -190,900 3,960

Fe30), 1,535 1,457 2.10 5.18 3.62 -265,950 4,150

Co Co0 1,495 1,810 1.86 6.0 .68 -57,490 3,600
Ni NiO 1,455 1,960 1.65 T.45 4.67 -57,380 3,580
Cu Cu0 1,083 1,030 1.72 6.40 4,97 -31,800 1,980
Al Alp03 660 2,020 1.45 3.9 2.12 -339,050 7,060
Pb PbO 327 885 1.26 9.53 13.95 -52,47% 3,280
Ce CepOz 640 1,692 1.16 7.0 6.85 -150,000 3,130
CeOp 640 3,000 1.22 7.3 10.78 -234,900 14,550

U Us0g | 01,133 1,540 2.66 8.30 6.58 -845,170 6,600

8Unreliable data.

bDissociates.
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TABLE 26

OXIDATION AND IGNITION DATA OF MAGNESIUM ALLOYS

[Data obtained from references 7 and 8]

Alloy metal, A, Eq, Tig,

percent by o

weight g/cme-sec cal/mole OF
1.78% Al 2.5 x 10k 42,700 1,105
3,81% Al 3.1 x 102 38,600 1,065
7.23% Al 7.5 x 108 5%, 700 1,018
9.12% Al 1.1 x 1016 Th, 500 990
1.54% 7n 3.1 x 100 50,000 1,076
%.08% Zn 2.7 x 10t 31,500 1,045 -
3.83% Ag 1.1 x 107 52,600 1,049
%.78% Sn 3.3 x 10t 31,600 1,112
3.86% In 2.% x 102 46,600 1,148
4.18% Cca 1.7 x 106 50,500 1,148
3.94% Pb 7.5 x 100 51,600 1,112
L9% Ni 9.7 x 0% 42,000 1,085
.23% Cu 6.6 x 102 4k, 800 1,148
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Figure 2.- Oxygen transport rate behind a normal shock wave.



109
N 200
~ ~ SEA LEVEL
2 ~ M, 4 ‘—L—"/
Te ~
104 —— ~ |
¢ ’ < so000t
aAm ~ —_—
‘ = N -t —
T . g so000t ~L 100,000 ft
7. Ve lama ~— o
| —T KPP ‘%—L%:_ p—

es0 —1

150,000 fr
e~ 1

7
T‘
) —
P = -1
6 ] | = —
: / _ )'(\_:\ 200,000 ft
< = T —
2 / / SEA LEVEL ——7
& > i 1‘
/ ur
)99/ DIFFUSION VARYING AS p = —]
———— DIFFUSION VARYING As p~"7

0 / 2
i 2 3 4 - 3 7 A
o] 2 4 6 8 10 2 14
Ta/T, MACH NUMBER
Figure %.- Dependence of adsorption rate Figure 4.- Effect of flight conditions on
on temperature variation near sur- rates of diffusion through oxide film.
face. B = 10; dw - /_d_u) . dw = @(Ely_> .
RTg ae \d9 /150 as d6/sea level,M=0

<9



1-58-100a
Figure 5.- Pressure tank and control console.
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Figure 6.- Inside of pressure tank.
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Figure 7.- Wind-tunnel apparatus. . L-58-102a



Figure 8.- Hot-air apparatus.
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Figure 10.- Ignition temperatures of tungsten.
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Figure 11.- Ignition temperatures of tantalum.
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Figure 16.- Ignition temperatures of stainless steel 430.
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